1. Introduction {#sec1}
===============

Previously, gold nanoparticles (AuNPs) were extensively applied as biomaterials and many studies have been carried out due to their optical properties.^[@ref1],[@ref2]^Some characteristics of nanomaterials have been recognized such as targeting a specific disease biomarker for a nanosensor process.^[@ref3]^ One of the better biomarkers is the DNA aptamer notably conceived to possess good affinity to proteins^[@ref4]^ or other biomolecules.^[@ref5],[@ref6]^ Benefiting from their characteristics, aptamers can be employed in biomedical applications such as diagnostics and therapeutics.^[@ref7]−[@ref9]^

At the moment, research studies in nanotechnology are directed toward natural materials for nanomedicine applications.^[@ref10]^ Especially, AuNPs can promptly react with biomolecules to enhance their detection.^[@ref11]^ To this end, many parameters were tested and bioconjugation with several aptamer sequences was carried out.^[@ref5],[@ref7]^ Actually, the interaction between aptamers and proteins is fundamental to the development of the nanomedicine field.^[@ref12]^ Many methods have been used to detect biomolecules.^[@ref13]^ Among these methods, conjugation of biomolecules at the surface of AuNPs as bioreceptors having great affinity to targeted analytes is very effective.^[@ref14]^ One of the best bioreceptors is the DNA aptamer, conceived to possess good affinity to proteins^[@ref4]^ or other types of biomolecules. For this purpose, the study of the interaction between aptamers and proteins is very important to exploit the biomedical application of nanoparticles.^[@cit12a],[@cit12b]^ Among many important analytes, superoxide dismutase (SOD) is known as a significant cancer biomarker, and the detection of its concentration in body fluids can lead to the diagnosis of this disease.^[@ref15],[@ref16]^ The enzyme works as a therapeutic agent against reactive oxygen species-mediated diseases.^[@ref17]^ On the basis of the active site metal, SOD isoforms are divided into three groups designated to specific cell compartments.^[@ref18]^ Among them, we focused our interest on Cu/Zn-SODs (SOD 4) present in cytosol, peroxisomes, plastids, and extracellular space. It has been proposed that SOD can check cancer progression and can be applied as a novel target for cancer treatment.^[@ref19]^ The aim of this paper is to realize the bioconjugation of SOD 4 aptamer (APT) onto AuNPs through different methodologies to assess their biological interactions with SOD 4 glycoprotein. Especially, two protocols for aptamer functionalization onto pegylated gold nanoparticles (PEG-AuNPs) were carried out: EDC/NHS chemistry^[@ref20]^ and complexation. The grafting between SOD 4 and its aptamer will be applied in the diagnostic field to realize specific diagnosis of cancers.^[@ref19]^ In this study, we investigate the aptamer/SOD 4 interaction depending on the chemical strategy applied to conjugate the aptamer on PEG-AuNPs. We investigated whether the type of conjugation will modify the interaction and, thus, whether some parameters can improve this interaction. This study will enable fast methodologies to realize aptamer-based nanomaterials with major applications as cancer biomarkers.

2. Results and Discussion {#sec2}
=========================

2.1. Biocoating of SOD 4 Aptamer on Pegylated Gold Nanoparticles (APT ON PEG-AuNPs; APT IN PEG-AuNPs) {#sec2.1}
-----------------------------------------------------------------------------------------------------

Previously, many authors have grafted different types of aptamers to detect various biomarkers.^[@ref25]^ In the last few years, Spadavecchia et al. have functionalized polymeric gold nanoparticles with macromolecules by several methods of chemical surface functionalization.^[@ref26],[@ref27]^ Some authors have successfully pioneered a simple and ingenious strategy, called "Method IN", in which the biomolecule is chelated with a gold salt (HAuCl~4~) by electrostatic bonding, through a complexation reaction.^[@ref28]−[@ref32]^ We started this study with the bioconjugation of the SOD 4 aptamer (APT) on the surface of diacid pegylated gold nanoparticles (PEG-AuNPs) through carbodiimide chemistry (Method ON) and chelation bond (Method IN) methods. In the first case, APT was coated on the surface of PEG-AuNPs via amide bonding between the carboxylic (COOH) groups on the surface of the PEG-AuNPs and the amino (NH~2~) groups of the aptamer (APT ON PEG-AuNPs) through previous activation of EDC/NHS by carbodiimide chemistry^[@ref23]^ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} panel A). In the second case, APT takes part actively in the nucleation and growth of PEG-AuNPs via a chelation reaction (APT IN PEG-AuNPs), as previously described for other types of aptamers and biomolecules^[@ref24]^ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} panel B).

![Depiction of the Synthesis of (A) APT ON PEG-AuNPs and (B) APT IN PEG-AuNPs via EDC/NHS (A) and Complexation Reaction (B) (Designs Are Not in Scale)](ao0c01192_0006){#sch1}

Each grafting functionalization (Method ON; Method IN) resulted in a specific steric arrangement and consequently a different chemical behavior of APT on the PEG-AuNPs confirmed by UV--vis spectroscopy, transmission electron microscopy (TEM), and Raman spectroscopy, as reported in the following sections.

2.2. Aptamer Bioconjugation: Physicochemical Characterization {#sec2.2}
-------------------------------------------------------------

The UV--visible spectra of PEG-AuNPs showed a surface plasmon band at 523 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, black line). After APT conjugation onto PEG-AuNPs (APT ON PEG-AuNPs) via EDC/NHS, the plasmon band is red-shifted to 535 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, red line). Furthermore, we believe that the red shift depends on the grafting method and the APT model. Regarding the complexation method, the red shift (to 525 nm) is weak with significant broadening ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, green line). The red shift is attributed to a change in the dielectric environment of the nanoparticles, therefore corroborating the effective conjugation of the AuNPs in both cases. Especially, the red shift observed for APT ON PEG-AuNPs is due to agglomeration through van der Waals interactions^[@ref33]^ and the various steric conformations of APT through the carbodiimide chemistry (Method ON). The fingerprint of the plasmon band indicates that both chemical methodologies (ON and IN) give rise to a characteristic chemical behavior of APT on PEG-AuNPs. This behavior will have remarkable consequences on the steric conformation of the aptamer on the nanoparticle surface under several immobilization kinetics.^[@ref34],[@ref35]^ In fact, the functionalization will impact the position of APT. Through carbodiimide (EDC/NHS) grafting, APT is situated on the gold surface capped with a PEG layer, while for the chelation method, APT will be placed into the core of pegylated nanoparticles. This phenomenon is related to the various degrees of adsorption of APT on the \[110\] gold facets, due to the steric conformation of chemical groups during the nucleation and growth process of PEG-AuNPs. As a consequence, the resulting colloidal solution remains stable for 3 months at room temperature. This finding is extremely remarkable and confirms that the capping layer on AuNPs plays a crucial role in the achievement of functionalization and comparative kinetics.^[@cit26a]^ This was estimated by TEM. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, panel 1, displays a spherical pegylated gold nanoparticle (i.e., control) with a diameter of 13 ± 2 nm.^[@cit26b],[@ref36]^ After EDC/NHS conjugation, APT ON PEG-AuNPs are formed as spherical agglomerates of nanoparticles of 17 ± 3 nm decorated with a thick layer of PEG diacid ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, panel 2). Estimating that the size of a single aptamer is about 5 nm,^[@ref37]^ we believe that APT occupies the privileged location of a PEG molecule on the particles. In contrast, APT IN PEG-AuNPs show a popcorn shape, stuck in a shell of PEG, with a diameter of 27 ± 2 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, panel 3). Previously, Spadavecchia et al. have realized similar nanostructures using dicarboxylic PEG^[@ref21],[@ref28],[@ref38]^ and macromolecules, while characteristic popcorn shaped nanoparticles were achieved by incorporating a Cu macrocycle in the growth solution of AuNPs.^[@ref39]^ In agreement with prior findings,^[@ref21],[@cit26a],[@ref40]^ when APT reacts with the gold salt (AuCl~4~^--^) complex, PEG fits in its chemical conformation. APT conjugation is evaluated by dynamic light scattering (DLS) and ζ-potential techniques ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). We observe an enhancement of the hydrodynamic diameter of about 10 nm and consequently an increase of 5 nm of the radius. This value confirms the aptamer length.^[@ref24]^ Moreover, ζ-potential measurements confirm the stability of PEG-AuNPs and APT PEG-AuNPs at physiological pH (ζ-potential = **--**28 ± 1 MV, **--**30 mV for APT ON PEG-AuNPs and −33 ± 1 mV for APT IN PEG-AuNPs) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This stability was improved by the presence of the PEG coating.^[@cit26b]^

![(A) Normalized UV--vis absorption of APT ON PEG-AuNPs (red line), APT IN PEG-AuNPs (blue line), and PEG-AuNPs (black line); (B) TEM images and size distribution of PEG-AuNPs (on the left) before and after functionalization of APT by carbodiimide chemistry (APT ON PEG-AuNPs in the middle) and chelation reaction (APT IN PEG-AuNPs on the right). Scale bars: 20 nm.](ao0c01192_0001){#fig1}

###### ζ-Potential and Hydrodynamic Diameter of PEG-AuNPs, APT ON PEG-AuNPs, and APT IN PEG-AuNPs by EDC/NHS and Chelation Chemistry

  synthetic product   ζ-potential (mV)   hydrodynamic diameter (nm)   PdI
  ------------------- ------------------ ---------------------------- -------
  PEG-AuNPs           --25 ± 1           13 ± 2                       0.330
  APT ON PEG-AuNPs    --29 ± 1           17 ± 3                       0.325
  APT IN PEG-AuNPs    --32 ± 1           27 ± 2                       0.321

The successful functionalization of SOD 4 aptamer onto and/or into PEG-AuNPs was confirmed by Raman spectroscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Raman spectra of PEG-AuNPs (as control) show diverse bands assigned to the PEG molecules. The signature of PEG--COOH on the AuNP surface was shown at 1137, 1270, and 1455 cm^--1^ due to the vibration of the C--O--H, C--O--C, and C--O chemical groups, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, black line). After the aptamer functionalization, several peaks can be noted for both functionalization methods used ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, red line, APT ON PEG-AuNPs; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, blue line, APT IN PEG-AuNPs). On the basis of these findings, we believe that the conformation of the aptamer is correlated with the grafting method. In detail, the peak at 1528 cm^--1^ corresponding to adenine and out-of-plane NH is more pronounced for APT IN PEG-AuNPs compared to APT ON PEG-AuNPs, confirming a different steric disposition of APT on PEG-AuNPs. SERS signals were observed in the range 100--300 cm^--1^corresponding to Au--O--C, Au--Cl, and O--O vibrations and 2500--3500 cm^--1^ due to the aliphatic C--H and N--H stretching ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, panel B). Anyway, for each functionalization method, we believe that the aptamer assumes various conformations influenced by experimental parameters. Many bands are specific to APT such as the peak at 1058 cm^--1^ due to the phosphate group (PO~4~^3--^)^[@ref41]^ or the intense peak at 1371 cm^--1^ related to thymine base. This enhancement of intensity is due to the better alignment of the aptamer with the Au surface of nanoparticles,^[@ref42]^ in contrast to the weak signal achieved for thymine DNA in water.^[@ref43]^

![(A--C) Raman analysis in three spectral ranges (from 190 to 3500 cm^--1^) of APT ON PEG-AuNPs (red line) and APT IN PEG-AuNPs (blue line) compared to free PEG-AuNPs (black line). Experimental conditions: λ~exc~ = 785 nm; laser power 20 mW; accumulation time 180 s.](ao0c01192_0002){#fig2}

We also observed a shift of the Raman bands from 3200 cm^--1^ of PEG-AuNPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C black line) to 3400 cm^--1^ due to APT ON PEG-AuNPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, red line) and APT IN PEG-AuNPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, blue line). The appearance of the peaks at 2900, 900, and 1500 cm^--1^ confirms a different chemical configuration of APT on PEG-AuNPs.

2.3. Aptamer Loading onto Pegylated Gold Nanoparticles (APT ON PEG-AuNPs, APT IN PEG-AuNPs) {#sec2.3}
-------------------------------------------------------------------------------------------

The use of the aptamer in the biosensing field was evaluated for a novel application in therapeutics due to its targeting skills.^[@ref44]^

Recently, we have functionalized and characterized a renal aptamer on pegylated gold nanoparticles (PEG-AuNPs) by two chemical conjugations.^[@ref24]^

Previously, Dam et al.^[@ref45]^ showed that loading of aptamer AS1411 onto AuNPs could be regulated through the charge of the ligands and pH. In our case, the loading of APT onto PEG-AuNPs was confirmed by the absorption peak at 260 nm from APT ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01192/suppl_file/ao0c01192_si_001.pdf), Supporting Information). The standard absorption of APT is plotted in the inset of the figure showing the UV--vis absorbance spectra of APT at several concentrations. The loading efficiency was calculated to be 86% with 8.4 μg present in 2.4 × 10^--8^ mol of NPs.

2.4. Cu, Zn SOD Glycoprotein (SOD 4) Detection {#sec2.4}
----------------------------------------------

Superoxide dismutases (SODs) are a group of metalloenzymes very important in the biomedical field. They showed good affinity toward heparin and heparan sulfate through the positive charge of amino acids in the carboxy-terminal ends of the subunits.^[@ref46]^

In all SODs, the region from His-101 to Gly-199 is highly homologous to the active site of the cytosolic dimeric Cu and Zn-containing SODs. This chemical configuration suggests that the amino acid residues involved in dimer contact with Cu Zn-SODs.^[@ref46]^ Similarly, tetrameric MnSOD has been shown to have two interacting dimers,^[@ref47]^ in which the dimer interface is structurally similar to that of the dimeric MnSOD.

For these reasons, SODs are promising candidates in diagnostics for human illnesses.^[@ref48]−[@ref50]^

In our previous work we studied the biomolecular interaction of MnSOD with APT (15T) bound onto PEG-AuNPs by electrostatic interactions and thiol covalent bonds.^[@ref23]^ Herein, we would like to understand how the chemical structure of building blocks influences the spectroscopic detection. For this purpose, APTs cross-linked onto PEG-AuNPs through both methodologies (Method ON; Method IN) were applied as building blocks to realize the detection of SOD 4 (Cu, Zn SOD). To understand the mechanism of interaction between SOD 4 and APT ON PEG-AuNPs and APT IN PEG-AuNPs, SOD 4 recombinant proteins were incubated at different concentrations in the presence of solutions of aptamer--AuNPs (APT ON PEG-AuNPs and APT IN PEG-AuNPs) ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).

![Schematic Picture of the Interaction Mechanism of SOD 4 with APT ON PEG-AuNPs and APT IN PEG-AuNPs (A); Colorimetric Variation of Colloidal Building Blocks after SOD 4 Interaction (B)](ao0c01192_0007){#sch2}

We demonstrate that SOD 4 interacts with APT in the two different conformations (ON/IN) with high binding affinity as shown by LSPR and Raman measurements.

The interaction of the protein with aptamer--AuNPs (APT ON PEG-AuNPs and APT IN PEG-AuNPs) was evaluated by UV--visible absorption ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B) and Raman spectroscopy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B). Indeed, after incubation with aptamer--AuNPs, we observed a strong shift of the plasmon band from 535 m (for APT ON PEG-AuNPs) and 525 nm (for APT IN PEG-AuNPs) to 818 nm due to a modification of the local environment with a consequence of colorimetric variation of the colloidal solution ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}B). When SOD 4 interacted with APT ON PEG-AuNPs and APT IN PEG-AuNPs at concentrations of 1 μM to 50 nM, we noted a strong variation of the plasmon position and width, depending on the amount of SOD 4. Therefore, we assumed that the biochemical interaction of SOD 4 with aptamer--AuNPs (APT ON PEG-AuNPs; APT IN PEG-AuNPs) induced a strong agglomeration and variation of plasmonic and local environments due to the chemical and steric arrangement of SOD 4 on the aptamer building blocks. The strong red shift and the weak decrease of the plasmon band can be interpreted by the lower nanoparticle aggregation and the dissociation of agglomerates after the addition of SOD 4 at a concentration of 1 nM ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). This means that at concentrations from 1 μM to 300 nM, SOD 4 interacts with the aptamer--AuNPs (APT ON PEG-AuNPs; APT IN PEG-AuNPs), inducing very strong changes in the plasmon band (modification of the dielectric constant around the AuNPs with the addition of SOD 4 proteins and more dissociations) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). At concentrations from 100 to 50 nM, the number of SOD 4 molecules is enough to prevent interactions between the proteins on aptamer--AuNPs, thus inducing lower dissociation of the nanoparticle agglomerates ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). The consequent decrease of the plasmon band is due to the formation of a shell of proteins adsorbed on the aptamer--AuNPs that exchange with the aptamer in both configurations (ON; IN) at high concentrations of SOD 4 in the environment. With the saturation of the surface of the AuNPs, we believe that a better orientation of SOD 4 is due to chemical hindrance.

![(A, B) Normalized UV--vis absorption spectra in the range 400--900 nm of APT ON PEG-AuNPs and APT IN PEG-AuNPs before (red line) and after SOD 4 interaction (from 1 μM to 50 nM) under experimental conditions (NaCl 0.9%).](ao0c01192_0003){#fig3}

![(A, B) Raman spectra of the APT ON PEG-AuNPs and APT IN PEG-AuNPs before (black line) and after SOD 4 interaction (SOD 4 concentration range: 1 μM to 500 nM). Experimental conditions: λ~exc~ = 785 nm; laser power 20 mW; accumulation time 180 s.](ao0c01192_0004){#fig4}

We assume that the individual aptamer monomer on the probes may act as an intermediate seed for further aggregation of the SOD 4 protein, promoting the formation of probe agglomerates. This behavior generates definite shifts in the surface plasmon resonance associated with the color change of the colloidal solution, detected by UV--vis absorption spectroscopy. In the case of unmodified PEG-AuNPs, we observed no interparticle aggregation induced by further association between APT PEG-AuNPs and SOD 4 agglomerates ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01192/suppl_file/ao0c01192_si_001.pdf) in the Supporting Information). In contrast to a previous study,^[@ref51]^ we directly obtain (after 15 min of interaction) a strong red shift of the plasmon peak after SOD 4 interaction with APT PEG-AuNPs with consequent stable agglomerate formation ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01192/suppl_file/ao0c01192_si_001.pdf) in the Supporting Information).

The effective interaction of SOD 4 with the APT PEG-AuNP surface was established by Raman spectroscopy at different SOD 4 concentrations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B).

The fingerprint of PEG--COOH on the AuNP surface was proved through the observation of the Raman bands at 1137, 1270, and 1455 cm^--1^ due to the vibration of C--O--H, C--O--C and C--O chemical groups, as previously described.^[@ref21],[@ref22]^ After SOD 4 interaction, the fingerprint of amide II (1587--1620 cm^--1^) and amide III (1200--1300 cm^--1^) confirmed the protein interaction,^[@ref52]^ while the peak at 934 cm^--1^ corresponded to C--C vibrations of the tripeptide in the SOD 4 molecule ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B).

The peak at 1450 cm^--1^ confirmed the vibration of the amine group and the interaction of protein. In the spectral region corresponding to 2000--3000 cm^--1^, we observed an enhancement of the bands at 2880, 2936, and 2965 cm^--1^ characteristic of stretching ν C--H and O--H. Some peaks were enhanced when the concentration decreased from 1 μM to 50 nM.

From 100 to 50 nM, the peaks at 941 and 1450 cm^--1^ were enhanced. This behavior was most probably due to the single bond stretching vibrations of the amino acids proline and valine and polysaccharides,^[@ref53]^ which confirmed the interaction of the SOD 4 protein.

In the case in which SOD 4 interacts with APT IN PEG-AuNPs (SOD\@APT IN PEG-AuNPs), we observe a different chemical behavior of SOD, depending on the steric conformation of APT. In fact, from 50 to 300 nM, we observe a strong modification of Raman spectral bands with the characteristic peak at 269 cm^--1^ due to the Cu--O bond, which means that SOD at 100 nM assumes a different conformation than at 1 μM. In the case of SOD\@APT ON PEG-AuNPs, new bands and SERS signals appear: a double peak at 561--625 cm^--1^ characteristic of tryptophan, cytosine, and guanine.^[@ref53]^ A strong peak at 748 cm^--1^ is due to symmetric breathing of tryptophan that confirms the different conformation of SOD 4 as a function of concentration and steric arrangement of the aptamer on gold nanoparticles. Indeed according to the literature, two basic amino acids in the heparin-binding cluster, Lys-217 and Arg-219, are replaced by tryptophan. A double peak at 940--972 cm^--1^ is due to the protein arrangement (skeletal), and a double peak at 1323--1364 cm^--1^ is due to the presence of proline.

The peak at 1474 cm^--1^ is due to the amine bond and CH~2~ vibrations. In particular, at high concentrations of SOD 4, the peaks at 972, 1242, and 1364 cm^--1^ disappear for APT IN PEG-AuNPs with a decrease in the intensity of other peaks. In the area 2000--3000 cm^--1^, there is an enhancement of the bands at 2880, 2936, and 2965 cm^--1^ characteristic of the stretching ν C--H and O--H.

By evaluating the Raman results it was possible to confirm that the chemical and steric conformations of SOD 4 depend on its concentration, which consequently influences the interaction with APT PEG-AuNPs in ON and IN conformations.

In fact, the interaction of SOD 4 with APT PEG-AuNPs will take place due to their great packing density as well as the force of repulsion between the negatively charged SOD 4.^[@ref54],[@ref55]^ However, the self-assembly of SOD 4 on APT PEG-AuNPs at concentrations from 1 μM to 50 nM is confirmed by amide bands; in the presence of lower SOD 4 concentrations (from 1 μM to 50 nM) amide bands progressively appear. This phenomenon is due to the swelling of polymers in water that hinders with protein steric conformation at low concentrations.

The two specific Raman peaks of SOD 4 detected at 748 and 940 cm^--1^ for APT ON PEG-AuNPs and at 735 and 928 cm^--1^ for APT IN PEG-AuNPs were integrated giving an intensity evolution of these two peaks to make the calibration curve presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. In this figure, the Raman intensity increased before reaching a plateau around 100 nM of SOD 4 concentration. At 50 nM, the intensity was three times stronger with APT IN PEG-AuNPs than with APT ON PEG-AuNPs. Herein, we followed the recommendations of the International Union of Pure and Applied Chemistry (IUPAC) to calculate the limit of detection (LOD) using the different concentrations of SOD 4. In this case, the definition of the limit of detection was given by the formula LOD = ⟨*x*~bl~⟩ + *k*σ~bl~, where ⟨*x*~bl~⟩ is the mean of the blank measure (APT PEG-AuNPs without SOD 4), σ~bl~ is the standard deviation of the blank measure, and *k* is a numerical factor chosen with a confidence level of 95%.^[@ref56]^

![Integrated Raman intensity of SOD 4 specific bands detected at 748 and 940 cm^--1^ for APT ON PEG-AuNPs (blue) and at 735 and 928 cm^--1^ for APT IN PEG-AuNPs (red). The gray dashed line is the calculated limit of detection (LOD = 70 counts). The blue and red dashed lines represent the linear fits of APT ON PEG-AuNPs and APT IN PEG-AuNPs, respectively, of the intensity versus SOD 4 concentration.](ao0c01192_0005){#fig5}

Based on the results shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the mean value of the blank, ⟨*x*~bl~⟩, (nanoparticles without SOD 4) was around 50 counts and its standard deviation, σ~bl~, was about 20 counts. Using these values, the LOD level has been estimated as ⟨*x*~bl~⟩ + σ~bl~ = 70 counts. The LOD is displayed in the [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} by the gray dashed line. To determine the concentration corresponding to this LOD, the calibration curve was fitted using a linear function (blue and red dashed lines for APT ON PEG-AuNPs and APT ON PEG-AuNPs, respectively). The lowest concentration that can be noticeable, which corresponds to the intersection between the data-fitted curves and the LOD line, is about 2 nM for APT IN PEG-AuNPs and 8 nM for APT ON PEG-AuNPs. APT IN PEG-AuNPs showed four times stronger sensitivity than APT ON PEG-AuNPs. Compared to other works, the detection of SOD 4 in solution was demonstrated at millimmolar^[@ref57]^ or micromolar^[@ref51]^ concentrations. Here, we demonstrated a very sensitive detection of SOD in the nanomolar concentration range with new ways of biosensor synthesis (APT IN and ON), providing a very strong tool to understand the effect of aptamer conformation to detect SOD.

3. Conclusions {#sec3}
==============

We designed a fast detection system for SOD 4 agglomerates. PEG-AuNPs, having peculiar plasmonic properties, can be applied as a colorimetric sensor, after conjugation with SOD 4 aptamer to interact with SOD 4 agglomerates, using optical and Raman spectroscopy. The aptamer monomer grafted on the PEG-AuNP surface with two different chemistry protocols (Method ON, Method IN) that played an important role in SOD 4 detection. In this work, we evaluated the interaction between the aptamer and SOD 4 glycoprotein under two different conformations. The analysis of the localized plasmon resonance of the nanoparticles functionalized with aptamers enabled us to study the formation of aggregates due to complexation and interaction between the aptamers. We observed some dissociation for specific SOD 4 concentrations giving evidence of the interaction of SOD 4 with the aptamer. We put in evidence that the grafting method has a strong influence on the affinity between SOD 4 and the aptamer. This scientific research permits us to perceive the interaction mechanism to optimize the detection sensitivity and the affinity of the bioreceptor to the analyte.

4. Experimental Section {#sec4}
=======================

4.1. Materials and Methods {#sec4.1}
--------------------------

Tetrachloroauric acid (HAuCl~4~), sodium borohydride (NaBH~4~), dicarboxylic poly(ethylene glycol) (PEG)-600(PEG), *N*-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-*N*′-ethylcarbodiimidehydrochloride (EDC), and phosphate-buffered saline (PBS, 50 mM Tris--acetate, 100 mM NaCl, 5 mM MgCl~2~) were all provided by Sigma-Aldrich of maximum purity grade. Superoxide dismutase 4 (Cu, Zn SOD) was purchased from Eurogentec, France.

4.2. SOD Aptamer (APT) {#sec4.2}
----------------------

The SOD aptamer was purchased from Eurogentec. The aptamer was dispersed in PBS buffer (pH = 9).

The sequence of the aptamer (APT) is TCT-TCT-CTA-GCT-GAA-TAA-CCG-GAA-GTA-ACT-CAT-CGT-TTC-GAT-GAG-TTA-CTTCCG-GTT-ATT-CAG-CTA-GAG-AAG.

4.3. Synthesis of PEG-AuNPs {#sec4.3}
---------------------------

The synthesis of COOH-terminated PEG-coated AuNPs (PEG-AuNPs) was achieved according to a previously described procedure^[@ref21]^ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

4.4. Determination of PEG-AuNP Concentration {#sec4.4}
--------------------------------------------

Colloid concentration was determined by standard experimental methods as described previously.^[@ref22]^

4.5. Preparation of SOD Protein Solutions {#sec4.5}
-----------------------------------------

SOD 4 powder was solubilized in buffer (50 mM Tris--acetate, 100 mM NaCl, 5 mM MgCl; pH: 8.2) and then diluted to obtain solutions with concentrations in the range 1 μM to 50 nM. Molar concentrations of SOD 4 were determined taking into account that molecular weight of SOD 4 is equal to 15.9 kDa.

4.6. Bioconjugation of PEG-AuNPs with SOD Aptamer (APT ON PEG-AuNPs; APT IN PEG-AuNPs) {#sec4.6}
--------------------------------------------------------------------------------------

The PEG-AuNP surface was modified with the SOD 4 aptamer by two different methods of functionalization (Method ON by carbodiimide chemistry and Method IN by chelation bonding), according to the grafting procedures depicted in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

The first binding strategy consists of the conjugation of the SOD 4 aptamer (APT) on the surface of PEG-AuNPs (APT ON PEG-AuNPs) by carbodiimide chemistry as previously described.^[@ref23],[@ref24]^ The second strategy consists of the complexation between the SOD 4 aptamer (50 μL of APT 10 μM; PBS pH 9) (APT), gold salt (HAuCl~4~·3H~2~O) (5 mL, 2.6 × 10^--4^ M), and 50 μL of PEG diacid (PEG) (1 mM) through a chelation reaction, to form APT IN PEG-AuNPs as described above.^[@ref24]^

4.7. Aptamer Loading Efficiency {#sec4.7}
-------------------------------

The amount of the SOD 4 aptamer (APT) grafted onto APT ON PEG-AuNPs and APT IN PEG-AuNPs was characterized by UV--vis absorption spectroscopy. Absorption at 260 nm was used to extrapolate APT concentrations based on a calibration curve ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01192/suppl_file/ao0c01192_si_001.pdf), Supporting Information). The aptamer loading efficiency was calculated by the chemical equation described previously.^[@ref24]^

4.8. SOD 4 Interaction with APT ON PEG-AuNPs and APT IN PEG-AuNPs {#sec4.8}
-----------------------------------------------------------------

The interaction of SOD 4 with the surface of APT ON PEG-AuNPs and APT IN PEG-AuNPs was accomplished through the following protocols of incubation: 450 μL of APT ON PEG-AuNPs and APT IN PEG-AuNPs (1 mM) were added into separate tubes containing 50 μL of SOD 4 (from 1 μM to 50 nM; PBS pH 9; NaCl 0.15 M). After 18 h of incubation, the resulting colloid suspension was centrifuged twice at 5000 rpm for 10 min to eliminate the excess of biomolecules and then the pellets were redispersed in 1 mL of Milli-Q water.

4.9. Physicochemical Characterization {#sec4.9}
-------------------------------------

All measurements were performed in triplicate to confirm the reproducibility of the experimental analysis described previously.^[@ref21],[@ref22]^

4.10. UV--Vis Measurements {#sec4.10}
--------------------------

Absorption spectra were recorded using a PerkinElmer Lambda UV/Vis 950 spectrophotometer in plastic cuvettes with an optical path of 10 mm. The wavelength range was 200--900 nm.

4.11. Transmission Electron Microscopy (TEM) {#sec4.11}
--------------------------------------------

TEM images were acquired with a JEOL JEM 1011 microscope (JEOL) at an accelerating voltage of 100 kV. The particle suspension (2 μL) was placed on a carbon-coated copper grid (Smethurst High-Light Ltd.) and dried at room temperature.

4.12. Raman Spectroscopy {#sec4.12}
------------------------

The Raman experiments were performed on an Xplora spectrometer (Horiba Scientifics-France). The Raman spectra were recorded using an excitation wavelength of 785 nm (diode laser) at room temperature. For measurements in solution, a macro-objective with a focal length of 40 mm (NA = 0.18) was used in the backscattering configuration. The achieved spectral resolution was close to 2 cm^--1^.

4.13. Dynamic Light Scattering (DLS) and ζ-Potential Measurements {#sec4.13}
-----------------------------------------------------------------

The size and ζ-potential measurements were performed using a Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.) equipped with a He--Ne laser (633 nm, fixed scattering angle of 173°) at room temperature.

4.14. Stability of APT AuNPs (APT ON PEG-AuNPs; APT IN PEG-AuNPs) as a Function of pH {#sec4.14}
-------------------------------------------------------------------------------------

For stability studies, APT AuNPs were dispersed in PBS (0.1 M; pH 7 and 5.5) and absorption spectra were collected over 3 months ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01192/suppl_file/ao0c01192_si_001.pdf) in the Supporting Information).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01192](https://pubs.acs.org/doi/10.1021/acsomega.0c01192?goto=supporting-info).Stability test (Figure S1); loading efficiency (Figure S2); normalized UV--vis absorption spectra of PEG-AuNPs before (black line) and after interaction with SOD 4 at 1 μM (Figure S3); TEM images of SOD\@APT IN PEG-AuNPs under experimental conditions (Figure S4) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01192/suppl_file/ao0c01192_si_001.pdf))
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